Allosteric regulation of phosphoenolpyruvate carboxylase (PEPC) controls the metabolic flux distribution of anaplerotic pathways. In this study, the feedback inhibition of Corynebacterium glutamicum PEPC was rationally deregulated, and its effect on metabolic flux redistribution was evaluated. Based on rational protein design, six PEPC mutants were designed, and all of them showed significantly reduced sensitivity toward aspartate and malate inhibition. Introducing one of the point mutations (N917G) into the ppc gene, encoding PEPC of the lysine-producing strain C. glutamicum LC298, resulted in ϳ37% improved lysine production. In vitro enzyme assays and 13 C-based metabolic flux analysis showed ca. 20 and 30% increases in the PEPC activity and corresponding flux, respectively, in the mutant strain. Higher demand for NADPH in the mutant strain increased the flux toward pentose phosphate pathway, which increased the supply of NADPH for enhanced lysine production. The present study highlights the importance of allosteric regulation on the flux control of central metabolism. The strategy described here can also be implemented to improve other oxaloacetate-derived products.
T
he phosphoenolpyruvate (PEP)-pyruvate-oxaloacetate (OAA) node is one of the most important links between glycolysis/ gluconeogenesis and the tricarboxylic acid (TCA) cycle (1) . A set of reactions at this node direct the carbon flux into appropriate directions, making it a highly relevant switch point for carbon flux distribution within the central metabolism (Fig. 1) . In most bacteria, the cells regenerate OAA through anaplerotic pathways either from PEP by phosphoenolpyruvate carboxylase (PEPC) or from pyruvate by pyruvate carboxylase (PC). Corynebacterium glutamicum possesses both PEPC and PC for replenishing OAA consumed for biosynthesis during cellular growth or OAA-derived amino acid production in industrial fermentations (2) . The OAA supply has been considered a bottleneck for lysine production and different strategies have been applied to increase OAA availability such as overexpression of PEPC (3, 4) or PC (5, 6) , deletion of pyruvate kinase (7), or phosphoenolpyruvate carboxykinase (PEPCK) (8) .
Although PEPC showed a higher in vitro activity than PC, it has been reported that it contributed only ca. 10% of the total oxaloacetate synthesis in glucose-growing cells of C. glutamicum (9) . Overexpression of PC in C. glutamicum increased lysine accumulation by 50% (6) , while the overexpression of PEPC showed only marginal effect on lysine production (3, 4) . The contradictory phenomenon of the PEPC for its high in vitro activity with its low effect on lysine production may be due to the fact that PEPC is subjected to the rigid feedback inhibitions of aspartate and malate (4) (Fig. 1) , whereas PC is only slightly inhibited by aspartate (10) . Thus, deregulation of the feedback inhibition of PEPC by aspartate and malate may enhance the anaplerotic function of PEPC and improve lysine production. This conjecture, however, has not been verified thus far. In the present work, we report for the first time a rational deregulation of the feedback inhibition of PEPC and demonstrate that it can significantly improve lysine production in C. glutamicum.
MATERIALS AND METHODS
Structure modeling of PEPC from C. glutamicum. Since the structure of PEPC from C. glutamicum has not been crystallized until now, a homology modeling of its three-dimensional structure was generated by using the software Modeller (http://salilab.org/modeller/) based on the structure of Escherichia coli PEPC (PDB code 1FIY). C. glutamicum PEPC shared 33.5% identity with the amino acid sequence of E. coli PEPC, and the residues involved in aspartate binding are conserved.
Bacterial strains and plasmids. The strains and plasmids used in the present study are listed in Table 1 . E. coli JM109 was used for the construction of plasmids, and E. coli BL21(DE3)-RIL cells (Stratagene) was used as a host for enzyme overexpression and purification. C. glutamicum LC298, a lysine-producing strain that has a deregulated aspartokinase (11) , was used as the host to construct C. glutamicum LP917.
Molecular cloning and enzyme overexpression. The wild-type ppc gene encoding PEPC was amplified by PCR from the genomic DNA of C. glutamicum ATCC 13032 using the primers 5=-GCGCGCCCATATGAC TGATTTTTTACGCGATGACAT-3= and 5=-TATAGTCGACCTAGCCG GAGTTGCGCAGCGCAGTGG-3= and inserted into NdeI-XhoI sites of pET-28a(ϩ) (Novagen). The expression vector was designated pEppc. Six PEPC mutants with selected point mutations were constructed by using a QuikChange site-directed mutagenesis kit (Stratagene) according to the standard protocol. Wild-type PEPC and its mutants were overexpressed in E. coli BL21(DE3) RIPL (Stratagene). The cells were cultured in LuriaBertani (LB) medium at 37°C until the optical density at 600 nm (OD 600 ) reached 0.6, and 0.1 mmol of IPTG (isopropyl-␤-D-thiogalactopyranoside) was added to induce enzyme overexpression for another 12 h at 20°C. Purified enzymes were obtained by using a Ni 2ϩ -nitrilotriacetic acid (NTA) column (GE Healthcare Bio-Sciences, Piscataway, NJ). Protein content was quantified by the method of Bradford (14) .
Determination of the enzyme activities of PEPC and its mutants. The enzyme activity of the purified PEPC was assayed by a coupling reaction catalyzed by malate dehydrogenase at 25°C as previously described (15) (16) (17) . The standard reaction mixture contained 100 mM Tris-HCl (pH 7.5), 10 mM MnSO 4 , 10 mM NaHCO 3 , 2 mM PEP, 0.1 mM NADH, and 1.5 IU of malate dehydrogenase. The decrease of NADH in absorbance at 340 nm was monitored by a spectrophotometer. One unit of the enzyme activity is defined as the oxidization of 1 mol of NADH per min. Kinetic constants were obtained from nonlinear regression data analysis and are expressed as means Ϯ the standard deviations (SD; n ϭ 3).
Strain construction. Homologous recombination was used to introduce a point mutation of N917G into the ppc gene of the strain C. glutamicum LC298 (11) . Transformation was performed with the integrative vector pK18mobsacB (13) by using kanamycin resistance and sucrose tolerance as positive and negative selection markers in two different recombination events as described previously (11) . Sequence analysis was performed after the second recombination and the strain with the correct mutation was designated C. glutamicum LP917.
Fermentations and metabolic flux analysis. Batch fermentations were carried out in 1.5-liter well-equipped bioreactors (DASGIP parallel bioreactor system, Jülich, Germany) with an initial working volume of 370 ml. The cultivations were performed in an optimized defined minimal medium containing 30 g of glucose, 15 g of (NH 4 ) 2 SO 4 , 15 g of NH 4 Cl, 0.05 g of CaCl 2 ·2H 2 O, 0.5 g of MgSO 4 ·7H 2 O, 2 g of NaCl, 2 g of KH 2 PO 4 , 2 g of K 2 HPO 4 , 15 mg of 3,4-dihydroxybenzoic acid, 0.5 mg of biotin, 1.6 mg of thiamine-HCl, 3 mg of nicotinic acid, and 10 ml of 100ϫ trace elements liter Ϫ1 (18) . For the labeled glucose experiments, naturally labeled glucose was replaced by 99% [1- 13 C]glucose (Sigma-Aldrich, Germany) or by an equimolar mixture of naturally labeled and 99% [ 13 C 6 ]glucose (Euriso-Top, France). The fermentations were controlled at 30°C and pH 7.2, with aeration of 1 volume per volume per minute. Dissolved oxygen was controlled at 30% saturation by automatic control of impeller rpm in the DASGIP parallel bioreactors. Substrate and product quantification. Quantification of glucose, trehalose, and organic acids was carried out using high-performance liquid chromatography (HPLC; Kontron Instruments, United Kingdom) with separation on an Aminex HPX-87H column at 60°C with 0.005 M H 2 SO 4 and detection via refractive index or by UV absorption at 210 nm. Quantification of extracellular lysine concentration was performed using HPLC (Knauer, Germany) after derivatization with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AccQ-Fluor reagent kit; Waters, Milford, MA). The cell concentration was determined by measuring the OD 660 and by dry-biomass measurements. The correlation factors between cell dry weight (CDW) and the ODs were determined to be CDW ϭ 0.28 ϫ OD (g liter Ϫ1 ) for C. glutamicum LC298 and CDW ϭ 0.25 ϫ OD (g liter Ϫ1 ) for C. glutamicum LP917.
Mass isotopomer fractions of protein bound amino acids from the hydrolyzed biomass harvested during the exponential phase from the tracer experiments were determined by gas chromatography-mass spectrometry (GC-MS) (19, 20) . The preparations of samples and derivatization were performed as described by Zamboni et al. (20) .
Metabolic flux parameter estimation. To investigate the PEPC flux, the PEP/PYR node has to be differentiated. Two separate experiments, with 100% [1-
13 C]glucose and a 1:1 mixture of [ 13 C 6 ]glucose and naturally labeled glucose, were performed in parallel (7, 21 ). The metabolic model was constructed as described previously (7), with separate PEP and PYR nodes. Only one decarboxylating reaction designated to phosphoenolpyruvate carboxykinase (PEPCK) was considered in the present model since it was reported that the activities of malic enzyme and oxaloacetate decarboxylase were absent during cell growth on glucose (9) . The precursor demands implemented in the model were estimated based on the biomass yield for each strain and the biomass composition previously measured for C. glutamicum (22) . Parameter estimation and sensitivity analysis was performed using the software package 13CFLUX2 (23) .
RESULTS AND DISCUSSION
Identification of targeted residues relating to the feedback inhibition of PEPC. PEPC can be inhibited by both aspartate and malate. The aspartate binding sites in E. coli PEPC have been determined, while no information about the malate binding sites has been reported (24) . As indicated in the homology modeling of C. glutamicum PEPC ( Fig. 2A) , four residues-R620, K813, R873, and N917-are directly involved in aspartate binding. The main chain of aspartate is stabilized by R620 and N917 through hydrogen bonds and salt bridges. Interestingly, R620 is the second arginine in the uniquely conserved sequence of GRGGXXGRGG in the PEPC family (24) . This flexible loop is considered to be essential to the catalytic activity of PEPC. The trap of R620 by aspartate may affect the flexibility of this loop and thus inhibit the enzyme activity. Another two residues, K813 and R873, are both strongly salt bridged to the carboxyl group in the side chain of aspartate. All four residues are thus selected as targets for site-directed mutagenesis. Two additional residues, K653 and S869, which are not directly involved in aspartate binding but share high evolutionary correlation (11, 25, 26) , as well as hydrogen bonds with R620 and R873, respectively, are also selected as targets for site-directed mutagenesis. The six targeted residues were mutated to glycine independently in order to investigate their effect for the feedback inhibition of PEPC by aspartate and malate. Characterization of wild-type and mutant PEPC. The kinetics of wild-type and mutant PEPC, determined by using purified enzymes with His tag at the N terminus, are summarized in Table  2 . The mutations of K813, S869, R873, and N917 to glycine did not significantly alter the enzyme activity or kinetic constants of PEPC. The mutation of R620 and K653 to glycine, however, dramatically reduces the enzyme activity due to the increased K m value of PEP. Thus, R620 and K653 may be involved in PEP binding, as discussed above.
The inhibition profiles for the wild type and mutants by aspartate and malate are shown in Fig. 2B . The wild-type PEPC was significantly inhibited by aspartate and lost ca. 95% activity when the aspartate concentration was Ͼ2 mM. This may explain the fact that the overexpression of PEPC did not significantly enhance lysine production since the intracellular concentration of aspartate was reported to be much higher than 2 mM (3, 4). All six constructed mutants could partially or completely release the feedback inhibition of PEPC by aspartate, indicating that they are Table 1 ). The data from three independent measurements and the means of values were plotted with error bars. a All of the enzyme assays were carried out at 25°C. The standard assay contained 100 mM Tris-HCl (pH 8.5), 10 mM KHCO 3 , 2 mM PEP, 0.1 mM acetyl coenzyme A, 10 mM MgSO 4 , 0.1 mM NADH, 1.5 IU of malate dehydrogenase, and an appropriate amount of enzyme. All of the assays were repeated three times, and the mean values are shown. b The kinetic experiments were carried out under the same condition except for the substrate concentration.
significant for the allosteric inhibition of PEPC by aspartate. PEPC with mutation of K813G, R873G, or N917G could keep Ͼ80% activity even when the aspartate concentration was greater than 20 mM (data not shown). Wild-type PEPC was also inhibited by malate with a higher half-saturation concentration compared to aspartate. Interestingly, all of the constructed mutants can also release the feedback inhibition of PEPC by malate. This may be due to the fact that malate and aspartate are structural analogues and may share the same binding sites. Introduction and evaluation of PEPC mutation N917G. Based on the kinetic study and inhibition profiles of PEPC mutants, the point mutation N917 was introduced into the ppc gene of L-lysine-producing strain C. glutamicum LC298 (11) by allelic replacement, resulting in the creation of strain LP917. Strain LP917 thus bears both feedback insensitive aspartokinase and PEPC.
The cell growth and L-lysine production of strain LC298 and LP917 are depicted in Fig. 3 . The growth of strain LP917 was lower than that of strain LC298, which may be because more PEP was used for lysine production and thus not available for cell growth. On the other hand, both the production rate and the yield of L-lysine of the strain LP917 was significantly higher than those of the strain LC298. The yield of L-lysine by the strain LP917 was 0.211 Ϯ 0.004 mol mol of glucose Ϫ1 (Table 3) , which is 37% higher than that of the strain LC298. Since the difference between the two strains involve only one point mutation in ppc gene, the increased lysine production could therefore be clearly attributed to the deregulation of feedback inhibition of PEPC.
Metabolic flux analysis. To further characterize the strains, 13 C-based metabolic flux analysis was carried out. We used 100% [1- 13 C]glucose to estimate the fluxes in the upper glycolytic pathways, whereas we performed experiments with a mixture of 13 C 6 and naturally labeled glucose for the differentiation of the PEP and PYR node (21) . The obtained flux estimates from 13 C 6 labeling data were used as free constraints in the [1-
13 C]glucose-labeled simulations.
FIG 3
Biomass, lysine production, and glucose consumption of C. glutamicum LP917 and LC298. Strain LC298 shares a point mutation of Q298G in the lysC gene encoding a feedback-insensitive aspartokinase. Strain LP917 is derived from strain LC298 by the integration of point mutation of N917G in the ppc gene encoding the feedback insensitive phosphoenolpyruvate carboxylase. The data represent mean values and standard deviations from three parallel cultures. , and are taken as mean values from three parallel experiments with the corresponding standard deviations. The yields were determined as the slope of the linear fit between glucose consumption and product formation.
The isotopic steady states were confirmed after measuring the labeling pattern of the protein bound amino acids during the exponential phase. As shown in Fig. 4 , an approximately 30% higher flux through the PEPC was observed in the mutant strain (LP917) compared to the parent strain, leading to an increased availability of oxaloacetate for lysine production. Interestingly, the anaplerotic flux through the pyruvate carboxylase was slightly reduced due to a decreased flux from PEP to pyruvate. The flux to TCA cycle is almost identical in both strains, whereas the flux to PPP pathway was ca. 9% higher in the mutant strain. The higher flux to lysine required the increased demand of NADPH, which was supplied by the PPP pathway. In both strains the NADPH balance is almost closed where the PPP pathway served as the major supplier.
Conclusions.
The construction of a minimally mutated industrial strain with a high production rate and yield is an attractive approach for current strain development. Integration of beneficial mutations identified from comparative genomics analysis has permitted the creation of a strain demonstrating high lysine production (10, 28) . We also showed that the application of structural synthetic biology could accelerate this process (11, 25, 26) . In the present work, we focused on the regulation of a PEP-pyruvate-OAA node and investigated the feedback inhibition of PEPC for the overproduction of OAA-derived metabolites. Previous studies of C. glutamicum's carboxylation mechanism suggested that pyruvate carboxylase (PC) was the main enzyme responsible for the anaplerotic reactions and that PEPC is dispensable for cell growth and lysine production (6, 9, 27) . It was shown here that the strict allosteric regulation of PEPC by aspartate and malate is one of the most important mechanisms to control the metabolic flux distribution at this node. Deregulation of the feedback inhibition of PEPC can significantly enhance the anaplerotic function of PEPC and improve OAA-derived metabolite production.
